Abstract Dilated cardiomyopathy is a serious and lifethreatening disorder in children. It is the most common form of pediatric cardiomyopathy. Therapy for this condition has varied little over the last several decades and mortality continues to be high. Currently, children with dilated cardiomyopathy are treated with pharmacological agents and mechanical support, but most require heart transplantation and survival rates are not optimal. The lack of common treatment guidelines and inadequate survival rates after transplantation necessitates more therapeutic clinical trials. Stem cell and cell-based therapies offer an innovative approach to restore cardiac structure and function towards normal, possibly reducing the need for aggressive therapies and cardiac transplantation. Mesenchymal stem cells and cardiac stem cells may be the most promising cell types for treating children with dilated cardiomyopathy. The medical community must begin a systematic investigation of the benefits of current and novel treatments such as stem cell therapies for treating pediatric dilated cardiomyopathy.
Introduction
Dilated cardiomyopathy (DCM) is a rare, but morbid illness in children. It is a myocardial disorder characterized by left ventricular chamber enlargement and systolic dysfunction that often manifests as congestive heart failure [1, 2] . While DCM remains the most common form of pediatric cardiomyopathy, its underlying cause is in many cases unknown [3] . At present, the approach to treating children with DCM is much the same as the approach taken to treat adults. Pharmacological agents are used to limit symptoms, prevent sudden cardiac death, and delay heart failure, while heart transplantation remains the ultimate approach to treat heart failure caused by DCM [4, 5] . Given the cost of heart transplantation, the differential benefit children receive from transplant based on heart failure stage, and the exclusion of patients with other comorbities for transplant, other therapeutic options are needed to broaden the therapeutic armamentarium for pediatric DCM aimed at halting its progression to heart failure and improving patient outcome [4, 6] . In this regard stem cell and cell-based therapies offer a potentially new and innovative approach to restore cardiac structure and function toward normal, possibly reducing the need for cardiac transplantation or other aggressive therapies. In this review, the epidemiology of pediatric dilated cardiomyopathy as well as its current therapies and outcomes are first presented. Next, current research on stem cell treatment of cardiac disorders is explored. Lastly, the potential and challenges of stem cell therapies to treat pediatric DCM are discussed.
Epidemiology of Pediatric Cardiomyopathies
Cardiomyopathy in children is a very serious and often lifethreatening disorder. Approximately 40 percent of children with symptomatic cardiomyopathy receive a heart transplant or die within the first two years, and despite medical advances, outcomes have not significantly improved [7] . The Pediatric Cardiomyopathy Registry (PCMR) found the overall annual incidence of cardiomyopathy in two regions of the United States, New England and Central Southwest, to be 1.13 cases per 100,000 children [8] . The study found differences in age, sex, and race associated with the incidence of cardiomyopathy. The incidence was significantly higher among infants younger than 1 year as compared to children and adolescents. The incidence was higher among boys than among girls, and higher among black children than among white children (Fig. 1) .
The incidence of cardiomyopathy also differs according to type. Dilated cardiomyopathy accounts for 51 percent of the cases, hypertrophic cardiomyopathy accounts for 42 percent, and restrictive and arrhythmic account for 3 percent. Among the leading causes of dilated cardiomyopathies, 39 percent were neuromuscular disorders and 27 percent were myocarditis. The primary cause of nearly 37 percent of children with dilated cardiomyopathy was unknown at diagnosis. Moreover, this study found that the median age at diagnosis for patients with dilated cardiomyopathy was 1.8 years. The mortality rate and heart transplantation rate two years after diagnosis were 13.6 percent and 12.7 percent, respectively [8] .
The PCMR reports survival rates with freedom from death or re-transplantation after a diagnosis of pediatric dilated cardiomyopathy to be 69 percent at 1 year and 46 percent at 10 years [3] . In large part due to cardiac transplantation, the majority of children diagnosed with DCM are living longer and surviving into adulthood. Hence, DCM is becoming a chronic disease associated with high costs [9] . A costeffectiveness study of pediatric heart transplantation was made to determine the costs of pediatric heart transplantation [10] . Data from 95 pediatric patients undergoing transplantation at the University of Emory Medical Center from 1997 through 2004 were reviewed to determine the cost of transplantation, pre-transplant care, organ procurement, initial hospitalization, and follow-up care. The cost of primary pediatric heart transplantation relative to the benefit, expressed as quality-adjusted year of life (QALY) gained, was reported as $49,679 per QALY gained. This was within the accepted frame of a cost-effective therapy of $50,000 per QALY. However, the estimate for re-transplantation was $87,883 per QALY gained, and the sensitivity analysis identified the range from $70,834 to $103,661 per QALY gained. Overall, the study concludes that while primary pediatric heart transplantation is within the accepted range of cost effectiveness, re-transplantation has higher costs relative to benefits gained due to shorter graft survival [9, 10] Treatment of pediatric dilated cardiomyopathy is complex and costly, and as is the goal of treating all illnesses, the goal of treating DCM should be to optimize both the costeffectiveness ratio and child survival rate. In the following section, the current therapies for DCM and their outcomes are explored. This discussion introduces some of the barriers in treatment, and as such, encourages clinical research on traditional and potential cell based therapies for pediatric DCM.
Outcomes of Current Therapies
Pharmacological medical therapy fails within two years of diagnosis of idiopathic dilated cardiomyopathy (IDC) in approximately 40 percent of children. These children either receive a heart transplant or die [7, 11] . Over the last several decades there has been little change in treatment strategy. Given the absence of evidence-based standards for IDC and heart failure (HF), clinical treatment strategies vary widely [11] . In a study by the PMCR that compared therapies for children with IDC between 1990 to 1995 and 2000 to 2005, approximately 73 percent of the children had symptomatic heart failure at diagnosis [11] . The study showed that anti-HF medications, defined as digoxin and/or diuretics, were the most commonly used medication at diagnosis across both periods. The administration of the anti-HF medications differed by functional class, whereby they were administered to 60 percent of asymptomatic, class I children and to 93 percent of ≥class 2 children [11] . The study also discussed that while digoxin should not be administered to children with class I HF because it has not been associated with increased survival in adult trials, approximately 60 percent of children with class I HF received this agent [11] .
The second most used therapy was the angiotensinconverting enzyme inhibitor (ACEI), which was administered to 74 percent of children within the first year of diagnosis [11] . ACEI was more commonly administered in patients with a larger left ventricular dimension and lower fractional shortening, as well as to those children with the worst functional class of HF, class IV [11] . ACEI therapy is recommended for almost all children with symptomatic HF or asymptomatic left ventricular dysfunction (assuming no reaction to the drug), except in cases of clinical decompensation [12, 13] . In the same PMCR study, however, only about half (53 percent) of the children with asymptomatic left ventricular dysfunction, class I HF, received ACEI therapy [11] .
The PMCR found that beta-adrenergic blockade medications were not widely used, following the recommendation not to use these medications in children with HF. Moreover, calcium channel blockers and pacemakers or automatic implanted cardiac defibrillators were typically not used in initial therapy. Finally, the study found that use of dietary modification, such as salt restriction or carnitine supplementation, was infrequent and varied among centers [11] .
These findings indicate a wide variation in the practice of treating children with IDC and HF, primarily due to the lack of evidence based medicine. As such, the 1 year rate of death or transplantation for children with IDC is only 39 Fig. 1 [8] percent, and the 5 year rate, 53 percent [11] . The lack of common therapeutic guidelines as well as inadequate survival rates for pediatric IDC necessitates more therapeutic clinical trials. In conjunction with these trials, other therapies such as cell based therapy should be explored as new therapeutic avenues.
In another study, the PMCR assessed differences in mortality in children with different levels of heart failure severity before and after transplant [6] . After observing 332 children, 12-month mortality after listing was 9 % for those children not on inotropes, 16 % for those on inotropes, and 26 % for those on mechanical ventilatory and/or circulatory support (Fig. 2) . They noted that almost all children that were on inotropes and/or mechanical ventilatory or circulatory support died within the first 6 months before transplant or after transplant. Mortality after listing for those children on mechanical ventilator and/or circulatory support occurred while waiting for an allograft, while mortality for those on inotropes was equally distributed between mortality before and after transplant. Mortality in those children who were not on intotropic medication reflected mortality after transplant [6] . This study concluded that pediatric cardiomyopathy patients who require inotropic therapy and mechanical ventilatory and/or circulatory support receive the most benefit from heart transplantation.
While heart transplantation is indicated for those children with advanced heart failure and on mechanical support, this leaves a great number of children that simply depend on pharmacological agents for treatment and survival. The differential benefit that children with HF receive from transplant based on heart failure stage is an opportunity to explore other therapies like stem cell therapy for those children with a lower severity of HF. Doing so may improve their condition and thwart the need for heart transplantation. As previously stated, pediatric clinical trials on medication therapy and cell based therapy must be a priority in order to formulate evidence-based guideline for treating children with cardiomyopathy.
The incidence of sudden cardiac death (SCD) in children in the USA with DCM was unknown until Lipshultz and colleagues studied a cohort of 1803 children in the PCMR with a diagnosis of DCM from 1990 to 2009 [14] . The purpose of their study was to determine the incidence and risk factors associated with SCD in children with DCM as a means to better evaluate who may benefit most from implantable cardioverter-defibrillators. They estimated the 5 year cumulative incidence rates of SCD to be 2.4 percent, of non-SCD to be 12.1 percent, and of heart transplantation to be 29 percent. Patient sex, race/ethnicity, family history, cause of DCM, and LV fractional shortening were not independent risk factors associated with SCD. They determined, however, that LV end-systolic dimension z-score of >2.6 at an age of diagnosis younger than 14.3 years and a LV posterior wall thickness to end-diastolic dimension ratio of <0.14 were associated with SCD. They also noted that patients receiving anti-arrhythmic medications were at a higher risk of SCD [14] . What is important to take from these finding is that children require meticulous screening in order to be considered for implantable cardioverterdefibrillator placement.
In contrast with adults, SCD is rare in children with DCM and death is typically caused by chronic heart failure [15] . There are pathophysiological differences that may account for the lower incidence of SCD in children, but these will not be discussed here. Given this observation, innovative therapies such as stem cell therapy may be warranted in preventing pump failure and subsequent death. First, the medical community must begin a systematic investigation of the benefits of current treatments and novel treatments such as cell-based therapies for treating pediatric dilated cardiomyopathy. In the following section, the research on the potential of stem cells as a novel therapeutic agent to treat DCM is presented and discussed.
Clinical Trials
Over a decade ago, the concept of regenerating the heart was viewed as an impossibility. Today, there is great enthusiasm for the use of stem cells as regenerative therapy. Stem cells promote cardiac regeneration by potentially replacing diseased tissue, enhancing endogenous cellular repair, and improving cardiac function [5] . There is much optimism that this novel approach will eventually lead to effective (7):755-760) [6] clinical therapy for cardiac congenital abnormalities, ischemic injuries, and cardiomyopathies [5, 16] .
Adult Stem Cells
The discovery that adult stem cells have the capacity to trans-differentiate into lineages other than the tissue of their origin promises wonderful therapeutic potential. Adult stem cells reside in and may be isolated from diverse sources such as bone marrow (BM), peripheral blood, fat, umbilical cord, or even testis in order to be used for repair of damaged organs. While early studies have been completed employing resident cardiac stem cells (CSCs) and offer major promise for repair of dysfunctional hearts [17] , there is a larger database of trials testing BM-derived mononuclear cells (BMMNCs) and mesenchymal stem cells (MSCs) for heart disease [18] . The vast majority of these trials are conducted in adults and thus the impact in children must be inferred and must be rigorously tested in future trials.
Bone Marrow Stem Cells
Whole BM and BMMNCs are the most widely studied type of cell for cellular cardiomyoplasty due to its well-defined stem cell compartments and easy accessibility. BMMNCs can be fractionated to hematopoietic (HSCs) or nonhematopoietic stem cells [19] . The role of several subtypes of non-hematopoietic stem cells in cardiac repair have been investigated: side population (SPs) [20] , endothelial progenitor cells (EPCs) [21] , mesenchymal stem cells (MSCs) [22] , multipotent adult progenitor cells (MAPCs) [23] , multilineage inducible (MIAMI) cells [24] and very small embryonic like (VSEL), stem cells [25] . Since there has been extensive investigation of the therapeutic potential of BMMNCs and MSCs, these two types of cell-based therapies will be the focus of the following sections.
BM-Derived Mononuclear Cells (BMMNCs)
BMMNCs have undergone various experimental and clinical studies involving their transplantation and their mobilization to sites of cardiac injury in an effort to assess therapeutic potential. Trials with BM cells and their derivatives provide evidence that they are both safe and provide efficacy in treatment of cardiac disease [19] . While most studies have tested BMMNCs in the setting of patients with acute myocardial infarction, some have employed BMMNCs in the setting of patients with LV dysfunction and/or heart failure due to ischemic or non-ischemic causes [19] .
In a meta-analysis evaluating data from 50 trials and 2625 patients [26• •], BM cell-based therapies were found to provide improvements in cardiac function by improving left ventricular ejection fraction, reducing left ventricular end-systolic and end-diastolic volume, and reducing infarct size. These results were noted in both acute myocardial infarction and chronic ischemic heart disease studies, and persisted during long-term follow up. Importantly, BM cell transplantation reduced mortality, stent thrombosis, and recurrent myocardial infarction in patients with ischemic heart disease [26••] . While these studies offer promising results, the data must continue to be assessed in an effort to determine long-term benefit of stem cell transplantation.
The REPAIR-AMI study focused on the therapeutic benefits of BMMNCs in the context of acute myocardial infarction (MI) [27] . In this study, 204 patients with acute underwent successful reperfusion of the occluded coronary vessel(s), and 3-7 days later were randomized to receive intracoronary infusion of autologous BMMNCs or placebo. The DSMB data reveals that by four months, patients who received the stem cells had a significantly improved left ventricular ejection fraction. Moreover, 1-year follow-up data show that the BMMNC-treated patients had an improved event-free survival (death, recurrence of MI, revascularization, or rehospitalization for heart failure) as compared to the placebo [27] (Table 1 ). The Cardiovascular Cell Therapy Research Network (CCTRN) recently investigated the benefits and timing of BMMNCs delivery following acute myocardial infarction [28, 29] . The TIME-CCTRN randomized trial enrolled 120 patients to investigate the administration of BMMNCs at either 3 days or 7 days after an acute MI and concluded that there was no significant effect on global or regional left ventricular function compared to the control group [28, 29] (Table 1) . The LateTIME-CCTRN randomized trial was the first to determine the temporal effect of autologous BMMNCs administration 2 to 3 weeks post-MI. This study also concluded that intracoronary infusion of autologous BMMNCs weeks later had no significant effect on left ventricular function [28, 29] ( Table 1 ). Given that there have been conflicting findings among studies with BMMNCs, other stem cells such as MSCs and CSCs warrant further investigation as to their potential therapeutic effects.
To date, there have been no completed trials investigating the potential therapeutic use of BMMNCs for treating pediatric cardiomyopathies but only case reports. The largest case series reported nine pediatric heart failure patients who were compassionately treated with intracoronary delivery of autologous BMMNCs [30] . Very importantly, there were no procedure related serious complications in this series. One patient on extra corporeal membrane oxygenation had a catastrophic intracranial hemorrhage that eventually died, unrelated to treatment. Three patients had no improvement and subsequently underwent heart transplantation. The remaining five patients had regained clinical recovery by increasing their New York Heart Association classification by at least one classification level, decreased levels of brain natureitic peptide serum levels, and finally improved ejection function. By examining the etiologies of the heart failure in this series, a total of six DCM patients were treated but only three patients dramatically improved to the extent of not requiring heart transplantation. These results are initially promising to support a cell based therapy in DCM patients, but a more extensive trial will be needed to determine the efficacy and safety of this treatment. All clinical trials have been performed on adults with cardiomyopathies and consequent heart failure. Moreover, ischemic cardiomyopathy and heart failure have been the focus of investigations. Most studies found that treating ischemic heart disease and heart failure with autologous BMMNCs was safe and suggested efficacy. A clinical trial by Perin et al. found that injection of bone marrow-derived stem cells in ischemic heart failure patients had potential for improving myocardial blood flow and enhancing left ventricular function [31] . The FOCUS-HF trial concluded that injection of autologous BMMNCs in patients with chronic heart failure is safe and improves symptoms, quality of life, and possibly perfusion [32] (Table 1) . A more recent study, the FOCUS-CCTRN Trial, found contradictory evidence that injection of autologous BMMNCs compared with placebo did not improve left ventricular end systolic volume or other parameters like maximum oxygen consumption [33] ( Table 1 ). The discrepancy among trials simply acknowledges a need for well-designed, large-scale studies of clinical therapeutic trials. Currently, the FOCUS Study is investigating the effectiveness of BMMNCs treatment for adults with ischemic cardiomyopathy [34] (Table 1) . Studies like these and others to come will provide more evidence on the efficacy of BMMNCs for treating ischemic cardiomyopathy and heart failure.
There is currently ever-growing attention on using BM stem cells to treat dilated cardiomyopathy. While there is no data from trials published to date, studies such as NOGA-DCM is investigating the safety and efficacy of BM CD34+ cell injection in adult patients with non-ischemic dilated cardiomyopathy [35] (Table 1) . Another study entitled Progenitor Cell Therapy in Dilative Cardiomyopathy is also investigating BM cell injection to assess its therapeutic potential in adults with dilated cardiomyopathy and heart failure [36] (Table 1 ). To date, there is only a brief report on the effect of autologous BMMNCs intramyocardial administration on a 3 month and 2 week old female child with dilated cardiomyopathy in Riga, Latvia [37] . The main finding was that left ventricular ejection fraction increased from 20 % to 41 % after stem cell transplantation at 4 months follow-up. Based on the totality of evidence, BM stem cell therapy warrants further investigation as to their therapeutic potential in treating both ischemic and non-ischemic dilated cardiomyopathy. MSCs, like other adult stem cells, have the capacity to selfreplicate and differentiate into various tissue lineages, and as such, have been employed in regenerative therapies for cardiac disorders. They may be isolated from a variety of tissues such as BM, adipose, and umbilical cord, but it is not clear whether these all share the same cardiopoietic and immunomodulatory properties [19] . MSCs are unique immunologically as they have reduced expression of MHC class-I molecule, and lack of MHC class-II and co-stimulatory molecules CD80(B7-1), CD86(B7-2), and CD40 [19] . These stem cells are immunopriveleged and have been tested in phase I doubleblind randomized clinical trials as an allogeneic graft [38] . As with BMMNCs, MSCs have been more stringently investigated for the treatment of acute myocardial infarctions. In a phase I double-blind placebo controlled clinical study of allogeneic MSCs, 53-patient were administered MSCs or placebo within 10 days after acute MI [38] ( Table 1) . While this study was primarily designed to test safety, it also supported an improved outcome in the celltreated patients, including a reduction in malignant ventricular arrhythmias, improved pulmonary function, improved ejection fraction in the subset of patients with anterior MI, and an improved patient well-being score at 6 months [38] . Recently, the results of the POSEIDON trial, a phase I/II randomized comparison of allogeneic and autologous MSCs in 30 patients with idiopathic cardiomyopathy, showed that allogeneic MSCs did not stimulate significant alloimmune reactions. Moreover, both autologous and allogeneic MSCs injections reduced infarct size by approximately 33 % and promoted patient quality of life [39•] (Table 1 ). There may be wider use of MSCs for cardiac repair as compared to other stem cells given that allogeneic MSCs have not been rejected by patients.
There is currently less data on the therapeutic potential of MSCs on patients with DCM. A study using a rat model of DCM showed that intramyocardial injection of MSCs resulted in improved myocardial perfusion and function, and decreased fibrosis [40] . A single case report published in 2010 demonstrated that intracoronary administration of autologous MSCs in an 11 year old boy with DCM and class IV HF was safe and had improved the boy's clinical condition [41] . After MSC injection, the patient's functional class changed from IV to III and II, the paroxysmal nocturnal dyspnea disappeared, his appetite improved, he could walk and climb up two floors, and the need for hospitalization was reduced [41] . While cases like these stir enthusiasm, there is a need for well-designed, large-scale studies to assess the efficacy of MSCs in treating DCM.
Currently, the POSEIDON-DCM study conducted at the University of Miami is investigating the safety and efficacy of a transendocardial injection of autologous mesenchymal stem cells versus allogeneic mesenchymal stem cells in patients with non-ischemic DCM [42] (Table 1) . There is also a pediatric clinical trial being conducted in China that is investigating the effect on intramuscular injection of umbilical cord mesenchymal stem cells on ventricular function of children with idiopathic dilated cardiomyopathy (IDCM) [43] (Table 1) . Clinical trials such as these will provide insight on the potential therapeutic role of MSCs for treating patients with DCM. More research must be conducted in this field to replicate the safety and efficacy of MSCs in hopes that this cell-based therapy may serve as an alternative to heart transplantation for treating DCM.
Skeletal Myoblasts
Skeletal myoblasts were the first cell type used as cell-based therapy in an effort to repair damaged myocardium and restore cardiac function [44] . These cells are derived from skeletal muscle and have the capacity to differentiate into muscle fiber [5] . There have been two large phase I/II clinical trials, the MAGIC study, assessing the efficacy of transplanted skeletal myoblast in patients with ischemic cardiomyopathy [45, 46] . The study showed that while there was dose-dependent attenuation in LV remodeling, there was no improvements in cardiac function [45, 46] (Table 1) . Another unsettling problem with the use of skeletal myoblast for cell-based therapy is their association with arrhythmias [45, 46] . Myoblasts' inability to improve cardiac function in humans may be attributed to the observed dysfunctional electrical coupling with resident cardiomyocytes as well as inability to transdifferentiate into cardiomyocytes in vivo [47] . Studies are now focusing on finding and characterizing skeletal muscle-derived cell population that are cardiogenic and that may improve cardiac repair [19, 48] .
Cardiac Stem Cells (CSCs)
CSCs are adult stem cells that reside within the heart. They were first reported in 2002 by Hierlihy et al. [49] . The group demonstrated that the post-natal murine myocardium contains a side population of cells (SP cells) with stem cell-like activity that expressed the ATP-binding cassette transporter Abcg2 [49] . These cells were about 1 % of total cardiac cells and were shown to differentiate into cardiomyocytes in vitro. Later in 2003, two groups, Beltrami et al. [50] and Oh et al. [51, 52] , isolated and characterized novel CSCs from the murine heart. These stem cells are recognized according to the expression of three cell-surface markers: C-kit (the stem cell factor (SCF) receptor), MDR-1 (multidrug resistance protein-1), and/or Sca-1 (stem cell antigen-1). Like other adult stem cells, CSCs are selfrenewing, clonogenic, and multipotent. Their ability to differentiate both in vitro and in vivo into cardiomyocytes, endothelial cells, and vascular smooth muscle has wonderful implications for repairing the damaged heart. C-kit + CSCs are a candidate for cellular therapeutics. They have been isolated from and described in several species such as rodent, canine, porcine, and human. Moreover, their efficacy in treating cardiac disorders is being explored as they have been transplanted into the infarcted myocardium and shown multilineage differentiation and replacement of necrotic tissue with functional myocardium. Generally, these have been shown to promote cardiac function after ischemic reperfusion injury by limiting infarct size and reducing ventricular remodeling [50, 53] . Based on promising results from experimental evidence, C-kit + CSCs are the first cardiac-specific stem cell population to be approved for human testing in a phase I clinical trial. The SCIPIO study aims to assess whether CSCs can regenerate myocardium and improve in contractile function in patients with ischemic cardiomyopathy [17] .
Interestingly, Hatzistergos et al. showed that there is interaction between administered MSCs and endogenous CSCs, in which MSCs were shown to stimulate the proliferation of endogenous C-kit + CSCs [54, 55] . After injecting post-MI female swine with GFP-labeled allogeneic MSCs, histological examination revealed chimeric clusters of cells containing adult cardiomyocytes, GFP + MSCs, and c-kit + CSC. The cells expressed connexin 43 gap junctions and Ncadherin connections between cells. Additionally, MSCtreated animals showed a 20-fold increase in C-kit + CSCs [54, 55] . This finding warrants further investigation about the potential therapeutic role of MSCs and CSCs, alone or in combination, in the treatment of heart disease. Overall, further well-designed, large-scale trials are necessary to better assess the role of CSCs in regenerating the damaged heart. More evidence is needed to determine whether CSCs is a probable and useful treatment in disorders like cardiac ischemic injury, cardiomyopathies, and heart failure.
Another resident CSC is the suspended cardiospheres which is composed of a heterogenous mixture of stem cells and supporting cells [56, 57] . These cardiosphere derived cells have the ability to stimulate cardiac regeneration in animal models of infarction [58] . Recently, these results led to an initiation of a phase I clinical trial, the CADUCEUS trial, involving cardiosphere derived cells obtained from right ventricle biopsies of adult myocardial ischemic patients [59] (Table 1 ). There were no serious side effects reported and a reduction in myocardial scar mass following cell treatment was observed, but this finding did not correlate with improvement in left ventricle ejection function. Even though promising improvements in this phase I study were seen, a larger more powered study will be needed to demonstrate the overall efficacy of this cell based therapy.
The only studies examining the biology of the resident CSCs in pediatric patients were recently reported [60••, 61] .
In these studies, C-kit + CSCs were most prevalent and proliferative in the neonatal hearts but then steadily decreased with advancing age. The isolated cardiospheres from these pediatric patients were highly regenerative when tested in animal models of infarction. More importantly, neonatal derived cardiosphere derived cells were more regenerative when directly compared to adult derived cardiosphere derived cells, which was partly due to higher secreted angiogenic factors from the neonatal derived cells. These studies suggest that pediatric patients may have CSCs that have a strong regenerative ability which may rescue the myocardial function even better than what is currently seen in the adult stem cell trials.
The Challenges of Stem Cell Therapy
A challenge that stem cell therapy presents is their potential immunologic cellular rejection. Only MSCs have been demonstrated to be immunopriveleged and as such, allogeneic MSCs may have a wider accessibility to treat cardiac disorders [36] . Given safety, feasibility, and efficacy of the used autologous adult stem cell therapy, the same parameters should be assessed of other allogeneic stem cells. [19] Another property of stem cell treatment that must be characterized is their mechanism of regenerating tissue. Do these cells differentiate in vivo and integrate into the electromechanical syncytial circuitry controlled by neuronal pacing? Do they fuse with native cardiomyocytes? Do they act by paracrine signaling and release cytokines that promote the survival of neighboring cells? Do these cells stimulate endogenous cardiac stem cells to initiate and/or maintain the healing process? Or is it a combination of these mechanisms (Fig. 3) ? Answering these questions has important implications for using specific stem cells for the treatment of particular cardiac diseases.
A fundamental challenge facing stem cell therapy is selection of the particular cell type for treatment of specific cardiac disorders. Given that mechanisms of myocardial damage are different, it is imperative that stem cells be characterized in terms of biological properties, mechanism of tissue repair, as well as practical purposes such as ease of procurement without ethical concerns. This review emphasizes particular adult stem cells-BMMNCs, MSCs, myoblasts, and CSCs-for the treatment of cardiac disorders like dilated cardiomyopathy because to date, these cells have been best characterized and have entered human clinical trials in order to assess their role in cardiac repair of certain diseases. There are also less obvious ethical qualms with the use of adult stem cells as compared to embryonic stem cells. As compared to embryonic stem cells, the aforementioned adult stem cells have not been shown to form teratomas [5] .
Conclusions
Pediatric dilated cardiomyopathy is a serious disorder that can result in heart failure and death. Current therapies either delay the progression of DCM to heart failure or require a heart transplantation to replace the diseased heart. Heart transplantation, however, is costly and only provides a differential benefit to children with the worst stage of heart failure. Stem cell therapy may be a reasonable approach to treating pediatric heart failure by facilitating cardiac regeneration and improving cardiac function. While challenges to cell based therapy certainly exist, the scientific community should continue to investigate its therapeutic potential using multicenter controlled clinical trials. Stem cell therapy alone or in combination with other therapies may serve as a therapeutic alternative to heart transplantation and may treat the damaged heart.
